Graphene oxide zinc phosphate (GO-ZP) composites were synthesized by a one-step ultrasonic waveassisted method and then incorporated into waterborne polyurethane as the anticorrosive reinforcement to produce graphene oxide zinc phosphate/polyurethane (GO-ZP/PU) composites. The GO-ZP composites were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The anticorrosive properties of the GO-ZP-reinforced PU composite coatings were characterized by potentiodynamic polarization and electrochemical impedance spectroscopy (EIS). The correlations among the mass ratio of GO to Zn3(PO4)2, the concentration of GO-ZP added to the waterborne polyurethane (WPU) and the anticorrosive properties of the composites were investigated. The results showed that excellent anticorrosive properties were achieved for the GO-ZP/PU composite with the 0.5 wt% GO-ZP (3:1) coating, which had a corrosion current density (icorr) of only 4.41× 10 -7 A/cm 2 and a charge transfer resistance (Rct) of 1.104 ×10 4 Ω cm 2 .
INTRODUCTION
The corrosion of low-carbon steels is one of the most important issues in many fields, so it is of great importance to prevent steel corrosion. Many effective methods have been developed to improve the anticorrosion performance of steel, but the most valid way to protect steel is to use a coating with anticorrosive fillers [1, 2] . However, traditional anticorrosive coatings are mostly based on solvents and toxic heavy metals such as lead and chromium that release volatile organic compounds and affect human health and the environment [3] . With the popularity of environmentally friendly water-based coatings, solvent-based coatings are gradually being replaced. Nevertheless, there are many limitations for waterbased coatings, such as poor crosslinking density, that affect their corrosion resistance and durability. In addition, there are many defects on the surface of coatings that affect their anticorrosive ability and allow corrosive media to easily reach the substrate. Many studies have been conducted to improve the corrosion resistance of coatings, and the addition of a corrosion inhibitor is an effective approach [4] [5] [6] . In general, inorganic materials were added into a polymer matrix to attain cooperative properties. Waterborne polyurethanes have the characteristics of wear resistance, excellent flexibility, glossiness, general chemical stability, good weather fastness and low volatile organic compound content. It is a typical comprehensive polymer material in industry [7] [8] [9] [10] . However, the adhesion and bubbling ability of the film is poor, resulting in corrosion of the steel matrix, which affects the application of water-borne polyurethanes as a low carbon steel protective coating.
Graphene oxide is an important material because of its two-dimensional layered structure, which has the nature of its potentially scalable precursor of graphene [11, 12] . A variety of functional groups on the surface of graphene enable compatibility with base materials [13] . As a new material, exfoliated graphene not only has good electrical conductivity but also has a large specific surface area, so it has the potential for electric energy storage and barrier properties [14] [15] [16] [17] [18] [19] . It has been reported that graphene oxide and graphene derivatives have been successfully applied in polymers as functional pigments, such as anticorrosion reinforcements and flame retardants [20] [21] [22] [23] . A recent study by Jian Luo involved reduced sulfonated graphene (RSG) as an anticorrosive filler added to waterborne polyurethane to reinforce corrosion resistance [24] . Moreover, the oxygenated groups on the sheet could load functional materials and serve as nucleation centers for crystallization [25] . Graphene oxide is usually prepared by Hummers method, but ultrasonication is required before using, which can cause defects on the surface and affect the barrier properties [26] .
Zinc phosphate is a multifunctional material with different morphologies and crystal structures that can be applied in many different fields [27, 28] . The introduction of nontoxic zinc phosphate as a corrosion inhibitor has achieved notable results. Moreover, phosphate can improve the adhesion of organic polymer coatings. In a previous study, zinc phosphate was modified to increase its solubility and reduce the phosphating time to improve the corrosion resistance of coating systems [29] . To the best of our knowledge, the preparation of traditional phosphating films require a great deal of energy and is time consuming [30, 31] . In addition, zinc phosphate as an anticorrosive pigment has many shortcomings in industrial applications, such as insufficient anticorrosion efficiency. In previous studies, researchers modified zinc phosphate to increase its solubility and reduce the time of inhibitor film formation to improve the corrosion resistance of coating systems [32, 33] . Dagdag O. added zinc phosphate to an epoxy resin, which was synthesized by diglycidyl ether 4,4-dihydroxy diphenyl sulfone (DGEDDS) to improve corrosion resistance [34] . However, the solvent-based resin still had certain environmental problems, and waterborne polyurethane still had some shortcomings in anti-corrosion performance.
In this study, we used graphene oxide to load zinc phosphate to reduce its surface defects and improve the corrosion resistance of the zinc phosphate system. We focused on the influence of the GO ratio on the composites and the cooperation of the composites with waterborne polyurethane resin on the substrate. The graphene oxide zinc phosphate (GO-ZP) composites were synthesized by a one-step ultrasonic wave-assisted precipitation method, and the effects of different proportions of GO-ZP composites on the anticorrosion performance of coatings were evaluated by electrochemical data. The data showed that the GO-ZP/WPU composite coating possessed a better corrosion resistance than that of the GO/phosphate coating [35] , and lower corrosion current value than RSG composites coating [24] . The morphology and crystal composition of the composites were investigated by transmission electron microscopy (TEM) and X-ray diffraction (XRD).
MATERIALS AND METHODS

Materials
Nanographite powder particles were obtained from Shanghai Humai Composite Materials Co. LTD (China). The waterborne polyurethane resin (WPU) and waterborne dispersant KY922 were supplied by Shanghai Huayi Fine Chemical Co. LTD (China). Potassium permanganate (KMnO4), sodium phosphate dibasic (Na2HPO4·12H2O), sodium nitrate (NaNO3), Sodium chloride (NaCl), zinc phosphate (ZP) and hydrogen peroxide (H2O2, purity of 33%) were reagent grade and purchased from Aladdin Biochemical Technology Co. LTD (China). Zinc acetate dehydrate, concentrated sulfuric acid (98%), hydrochloric acid (5 wt%), and ammonium hydroxide and ethanol (95%) were analytical grade and obtained by Sino Pharm Chemical Reagent Co. LTD (Shanghai, China). Distilled water was used in all of the experiments, and all reagents were used as received.
Preparation of graphene oxide
Graphene oxide (GO) was synthesized by a modification of Hummers method [36] , where 3 g of oxidic graphite powder and 1.5 g of sodium nitrate (ratio 2:1) were added into a certain amount of H2SO4 in a 150 ml flask. The flask was put into an ice bath, followed by the addition of 9 g of KMnO4. The resultant mixed solution was heated to 40℃ under mechanical stirring. After 30 min, 90 ml distilled water was slowly dropped into the mixture below 90℃, and 40 ml H2O2 (diluted to 25%) was added to the flask after 1~1.5 h. Upon completion of the reaction, the homogeneous brown dispersion was centrifuged and washed with hydrochloric acid (5 wt%) to remove the metallic ions, then washed with deionized water at pH= 7 and vacuum-dried 24 h at 60℃ in a vacuum oven.
Synthesis of GO/zinc phosphate
The graphene oxide zinc phosphate (GO-ZP) composites were synthesized by a one-step ultrasonic wave-assisted precipitation method with [37, 38] . In this method, 30 mg graphene oxide was considered as 1 proportion, and 0.01 mol zinc phosphate was considered as 1 proportion. The ratios of GO-ZP were 1:1, 3:1 and 5:1, and were named as GO-ZP (1:1), GO-ZP (3:1) and GO-ZP (5:1), respectively. First, 0.04 mol sodium phosphate dibasic (Na2HPO4·12H2O) was put into 40 ml distilled water with sufficient stirring. Then, the as-prepared GO sheets were exfoliated by an ultrasonic cell crusher at a power of 150 W for 1 h in 100 mL water and 20 mL ethanol solution. After that, the processed GO dispersion was added into Na2HPO4·12H2O aqueous solution with continuous stirring and heated to 40℃. Then, 0.03 mol zinc acetate was dissolved in a certain amount of water and added into the mixture slowly with ultrasonic irradiation (ACE horn, 30 kHz frequency) for 30 min. The pH was adjusted to 8~10 by controlling the addition of aqueous ammonium hydroxide. In the initial reaction, when the zinc acetate solution was added, a large number of flocculent complexes were generated in the solution, and as the amount of zinc ions increased, the flocs gradually vanished. The flask was heated in a water bath at 80℃ for 1 h and adjusted to 50℃ for 3 h. Then, the specimens were separated via centrifugal machine and washed several times with deionized water until the pH was 7. Finally, the sample was dried at 60°C in an air blowing thermostatic oven.
Preparation of GO-ZP /WPU composites
Samples with different contents of GO-ZP and ZP were named as GO-ZP (x:1)-0.1wt%, 0.5wt%, 1wt%, and were gradually added into a 30 g WPU resin with 38.61 mg dispersant and stirring at 300 rpm for 2 h. Subsequently, the GO-ZP/WPU mixtures were painted on a steel substrate by a bar coater and cured at room temperature (25℃) for 4 days. The detailed production process is shown in Table 1 . The thickness of the composite coating tested was controlled to 30 ± 5.5 μm. 
Characterization
The crystal structure of the powder was determine by X-ray diffraction (Brook Co., Germany) with a copper Kα radiation source (λ=0.15406 nm). Fourier transform infrared spectroscopy (FTIR) spectra of composites were obtained on a L160-8000 spectrometer (PerkinElmer, USA). X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo ESCALAB 250XI equipped with an Al Kα X-ray source. The morphology of the sample was observed by scanning electron microscopy (SEM, Hitachi Co., SU8010, Japan) and transmission electron microscopy (TEM, JEOL, JEM-2000, Japan). All electrochemical measurements were performed on an electrochemical work station (CHI660E, Shanghai Chenhua Device Co., China) at room temperature and utilized a platinum electrode and calomel electrode to obtain potentiodynamic polarization data. A voltage range from -0.8 V to -0.1 V, frequency range from 100000 Hz to 0.01 Hz, and scan rate of 1 mV/s were used. A 3.5 wt% NaCl solution was used as the electrolyte. The pH value was measured by using a pH meter (Shanghai Yidian Scientific Instrument Co.). Finally, the thickness of films was determined by a coating thickness gauge, and bar coaters were supplied by Guangzhou Guoou Electronic Technology Co., China.
RESULTS AND DISCUSSION
Characterizations of graphene oxide/zinc phosphate (GO-ZP) composites
The surface chemical structures of GO, ZP and GO-ZP were analyzed by Fourier transform infrared spectroscopy. As shown in Fig. 1 (a) , the ZP spectrum displayed characteristic peaks at 942-1200 cm -1 and 500-700 cm -1 for more than one stretching vibration and bending vibration absorption from the PO4 3-groups [39] . The formation of hydroxide groups (-OH) was confirmed by the appearance of the stretching vibration band at 3426 cm -1 for the GO spectrum. Moreover, the two strong absorption peaks at 2920 cm -1 were attributed to the stretching vibration of C-H groups. The weak peak at approximately 1622 cm -1 was believed to be the result of the C=C stretching vibrations, which manifested the GO carbon backbone as a sheet in reaction [40] . Fig. 1 (b) presents the FTIR spectra of GO-ZP (1:1), GO-ZP (3:1) and GO-ZP (5:1). The strong peak at 3402 cm -1 revealed that some -OH groups were associated with unbound water. The absorption peak at approximately 1644 cm -1 was associated with the bending vibration absorption peaks of water molecules, which indicated that water crystals existed in the samples. All the spectra verified that the samples contained zinc phosphate and that the PO4 3-groups had more than one stretching vibration and bending vibration. The surface element content and chemical state of the composites were investigated by X-ray photoelectron spectroscopy (XPS). As shown in Fig. 2 , the XPS survey spectrum demonstrated the presence of Zn, P, C and O. The C 1s peaks in Fig. 3 (a) consisted of 4 peaks that fit Gaussian peaks centered at 284.6, 285.4, 286.4 and 288.6 eV, which belonged to C=C, C-C, C-O and C(O)O, respectively. The peaks at 531.3 and 532 eV in Fig. 3 (b) can be attributed to the hydroxide component and O-P-O bonding, respectively. As shown in Fig. 3 (c) and (d) , the peaks at 133.4 eV (P 2p1/2) and 134.2 eV (P 2p2/3) were assigned to the O-P-O bonding in the (PO4 3- ) network [41] . As shown in Fig. 3  (d) , the two peaks at 1045.6 eV and 1022.6 eV were attributed to Zn 2p1/2 and Zn 2p3/2, respectively [42] . According to the above XPS spectra, the GO-ZP materials were prepared in this study. The XRD patterns of the prepared GO and GO-ZP with different qualitative concentrations (GO-ZP (1:1), GO-ZP (3:1) and GO-ZP (5:1)) are presented in Fig. 4 . All synthesized hybrids indicated the presence of Zn3(PO4)2·4H2O (Hopeite, JCPD file #76-0896, lattice constant: a= 10.597 Å b= 18.318 Å c= 5.031 Å). As shown in Fig. 4 (b) , a reflection peak at approximately 10.8° corresponds to the successful formation of graphite oxide with an interlayer spacing of 0.813 nm. The diffraction patterns of the prepared GO-ZP samples indicated that most diffraction peaks corresponded to the PDF of standard zinc phosphate. The zinc phosphate had diffraction peaks at 9.6°, 17.4°, 19.4°, 26.3°, 31.3° and 46.8° 2Ɵ, which correspond to the crystal planes of (020), (210), (040), (221), (241), (151) and (281) of the orthorhombic system, respectively. The average lattice constants were a=10.6841 Å, b=18.4218 Å, and c=5.0497 Å, which are similar to the standard material. A comparison of the different ratios of GO-ZP composites and patterns with an increase in the addition of GO mass indicated that the crystallinity clearly decreased in terms of the (020) and (040) peak intensities. The addition of graphene did not affect the composition of the complex, but it can change the growth orientation of the phosphate crystals [35] . In addition, the results suggested that the crystallinity of these composites decreased with increasing graphene oxide loading, which was indicated in the decreasing peak intensities. Previous studies showed that zinc phosphate tends to form flakes in acidic conditions [43, 44] . Fig. 5 shows the size and morphology of the prepared product. As shown in Fig. 5 (a-c) , as the GO mass increased, the average cross-section dimension of zinc phosphate decreased. Most composites presented irregular flake crystals, but a few showed sheet-like rectangles with an average thickness of 1~1.5 μm. In Fig. 5 (a) , the crystals appeared as blocks and clusters. As shown in Fig. 5 (b) and (c), the prepared materials had a flat sheet morphology. In contrast with GO-ZP (1:1), the average transverse dimension of the GO-ZP (3:1) hybrid was less than 5 μm, and the cross-sectional size decreased from 6 to 1 μm. It can be seen clearly from Fig. 5 (c) that most particles decreased in size (approximately 1~2 μm) when the ratio of the GO-ZP composites arrived at 5:1. It is worth noting that the thickness of the materials increased, which could be attributed to the growth points provided by the thin layers of graphene for the crystallization of the ZP to form a sandwich structure [45] . Compared with the pure zinc phosphate in Fig. 3 (d) , the modified composites showed an irregular crystal shape, which could be attributed to the acoustic cavitation effect of ultrasound on the crystal formation. At the beginning of the reaction, zinc ions were adsorbed on the graphite oxide sheets through coordination interactions with the C-C and -OH species or an ion-exchange with H+ from carboxyl, which caused the amount and properties of charges on GO sheets to vary [46] . In this system, the solute molecules had sufficient energy and speed due to the oscillation and cavitation mechanisms, which increased the probability of collision between molecules and the static liquid layer passing through the crystal surface [47, 48] . On the one hand, the effect of ultrasonic waves was effective in reducing the size of the substances and led to small and uniform crystals [49] . On the other hand, the ultrasonic waves promoted the mixing of the solution and the amount of local nucleation under controlled conditions, which decreased the possibility of excessive crystal aggregation [50] . As seen in the TEM images, zinc phosphate was successfully loaded onto GO flakes. The TEM images in Fig. 6 (a) show that the zinc phosphate grew on the GO sheets uniformly and exhibited a corrugated and transparent sheet-like structure at the edges of the composites, indicating that the GO and zinc phosphate were most likely combined by van der Waals interactions [34] . Moreover, the size of the complex particles was 1.5 μm. As shown in Fig. 6 (b) , the sandwich structure can be observed clearly. The GO-ZP (3:1) composites exhibited an overlapping thinner flake with a transverse dimension of 1 μm. The phosphate crystals were deposited on the GO sheets, which indicated that the functional groups on the GO could serve as active sites for nucleation of phosphate crystals (Fig. 7) . 
Corrosion measurements
Potentiodynamic polarization curves and electrochemical impedance spectroscopy are common methods for characterizing the corrosion behavior of metals. In this study, corrosion current density (icorr), corrosion potential (Ecorr), corrosion rate (CR) and protection efficiency (η) were used to investigate the anticorrosive effect of the GO-ZP composites.
In the equation (1) icorr,i and icorr,b values are corrosion current densities of the samples in the corrosive solution with and without the pigment extract, respectively.
As shown in Fig. 8 and Table 2 , the polarization curve of the low carbon steel after immersion for 8 h in 3.5 wt% NaCl solution showed that the polarization current density of the GO-ZP hybrid coating was only 2 orders of magnitude lower than that of bare steel sheets. For the same ratio, the corrosion current of the composite GO-ZP (1:1)-0.5 wt% (1.88 × 10 -6 A/cm 2 ), GO-ZP (3:1)-0.5 wt% (4.41 × 10 -7 A/cm 2 ) and GO-ZP (5:1)-0.5 wt% (2.73 × 10 -6 A/cm 2 ) were less than that of pure zinc phosphate (5.54 × 10 -6 A/cm 2 ). The results indicated that the composites with a small particle size benefitted the dispersion of the system and blocked micropores to prevent the corrosive medium from penetrating the steel surface. Figure 8 . Potentiodynamic polarization curves of low carbon steel, WPU, ZP 0.5wt% and different mass ratio of GO-ZP (x:1) composites coating after immersion for 8 h in 3.5 wt% NaCl solution at pH=7.
The smallest icorr was obtained for GO-ZP (3:1)-0.5 wt% (4.41 × 10 -7 A/cm 2 ), as shown in Table   2 , indicating the best corrosion inhibitive performance for this sample. Compared with the ZP specimen and pure WPU coating, as the GO content increased, the number of GO-ZP composites increased gradually, the Tafel curves of all composites moved to the right, and the Ecorr showed more positive data points. Moreover, as shown in the table, the protection efficiency (η) value of the GO-ZP (3:1)-0.5 wt% sample increased by at least 99%. Compared with other samples, the GO-ZP composites coating showed a preferable improvement of η. The result of potentiodynamic polarization curves indicated that the introduction of graphene effectively improved the corrosion resistance of the zinc phosphate corrosion inhibitor. The equivalent circuit diagram is shown in Fig. 10 , where Rs is the solution resistance, Rct is the charged transfer resistance, CPE is the constant phase element. The corrosion rate increases as Rct declines. The impedance of the CPE is expressed as Eq. 2 [51] :
Eq. 2 where f0 is a proportionality coefficient, w is the angular frequency, and j is the imaginary number. Meanwhile, the electrolyte is closely related to permittivity in metaphase and anaphase of corrosion, leading to an increase in CPE, which can contribute to the diffusion of the electrolyte. 
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Ecorr: corrosion potential, icorr: corrosion current density, μ: corrosion rate, η: protection efficiency, ba: anodic Tafel slope, bc: cathodic Tafel slope Therefore, the formation of protective films occurred via complex chemical and electrochemical processes. The film of the inhibitor deposited as a barrier at the anode and cathode locations to prevent the corrosion medium from diffusing through the defects to the metal surface, as shown in Fig. 11 . Figure 11 . Schematic representation of the corrosion inhibition mechanism of the GO-ZP/WPU coating.
It can be seen from the data in Table 3 that the addition of GO resulted in an increase in the Rct value of the GO-ZP composites compared with that of the zinc phosphate sample. The diameter of the semicircles increased in the sequence of steel < WPU < GO-ZP (3:1)-0.1wt% < GO-ZP (3:1)-1 wt% < ZP 0.5 wt% < GO-ZP (5:1)-0.5 wt% < GO-ZP (1:1)-0.5 wt% < GO-ZP (3:1)-0.5 wt% coating, which indicated that the prepared composites obtained good anticorrosive performance when they had a suitable ratio. In addition, the Rct value for GO-ZP (3:1)-0.5 wt% (1.104 × 10 4 Ω cm 2 ) coating increased the most and was 3 times larger than that of the zinc phosphate (3.762 × 10 3 Ω cm 2 ) coating only.
Although a further increase in GO content reduced the value of Rct, the value for the GO-ZP (5:1) (4.726 × 10 3 Ω cm 2 ) coating remained nearly twice as large as the pure WPU (8.26 × 10 2 Ω cm 2 ) coating. Since phosphate is an insulator, it does not directly participate in the electrochemical corrosion reaction, and the added graphene oxide did not alter the corrosion protection mechanism of phosphate. The results of the potentiodynamic polarization curves and EIS measurements revealed that GO-ZP composites were very effective as anticorrosive reinforcements in the WPU coatings. This can be attributed to the graphene oxide acting as a deposition bed to accelerate phosphate deposition and provide an additional barrier in the film. The modification of zinc phosphate by graphene oxide drove the corrosion potential to move in the positive direction in the anticorrosive system. When the content of graphene oxide exceeded the appropriate proportion, the corrosion rate of the coating was affected and exhibited an upward trend. This result might be ascribed to the poor dispersion and restacking of the GO in the PU resin.
CONCLUSION
GO-ZP composites were successfully prepared by a one-step ultrasonic wave-assisted precipitation method and further used as a functional reinforcement to enhance the anticorrosive properties of a WPU coating and improve the anticorrosion efficiency of pure zinc phosphate. The zinc phosphate in the sandwich structure compensated for the surface defects of graphene caused by ultrasonication, and the zinc phosphate itself also formed an inhibitor film on the substrate. The introduction of graphene as a modifier in the system influenced the open circuit potential to have a positive shift and clearly reduced the corrosion tendency of the substrate. The results indicated that the corrosion resistance of the synthesized composites was closely related to the addition ratio of the composites in the coating and the mass ratio of GO to Zn3(PO4)2. SEM images indicated that the particle size of the sample decreased as the content of GO increased, which improved the dissolution of zinc phosphate and increased the corrosion resistance. Moreover, electrochemical studies suggested that GO-ZP (3:1)-0.5 wt% composites had the best anticorrosion properties with the lowest corrosion current density (4.41 × 10 -7 A/cm 2 ) and the maximum coating resistance (1.104 × 10 4 Ω cm 2 ). The data showed that the GO-ZP/WPU composite coating had a better corrosion resistance at a thinner film thickness, compared with RSG/WPU (1.11 × 10 -6 A/cm 2 ) [24] . The GO-ZP/WPU composite coating was prepared using simpler steps compared with those to prepare the GO/phosphate coating (Rct= 2023 ± 28 Ω cm 2 ) [35] . The above results showed that GO-ZP composites exhibit better corrosion protection than traditional zinc phosphate.
